Over a 4-month summer period, we monitored how forest (Pinus sylvestris) and heather moorland (Calluna spp. and Erica spp.) vegetation canopies altered the volume and isotopic composition of net precipitation (NP) in a southern boreal landscape in northern Scotland. During that summer period, interception losses were relatively high and higher under forests compared to moorland (46% of gross rainfall [GR] compared with 35%, respectively). Throughfall (TF) volumes exhibited marked spatial variability in forests, depending upon local canopy density, but were more evenly distributed under heather moorland. In the forest stands, stemflow was a relatively small canopy flow path accounting for only 0.9-1.6% of NP and only substantial in larger events. Overall, the isotopic composition of NP was not markedly affected by canopy interactions; temporal variation of stable water isotopes in TF closely corresponded to that of GR with differences of TF-GR being heather moorland. These differences were close to, or within, analytical precision of isotope determination, though the greater differences under forest were statistically significant. Evidence for evaporative fractionation was generally restricted to low rainfall volumes in low intensity events, though at times, subtle effects of liquid-vapour moisture exchange and/or selective transmission though canopies were evident. Fractionation and other effects were more evident in stemflow but only marked in smaller events. The study confirmed earlier work that increased forest cover in the Scottish Highlands will likely cause an increase in interception and green water fluxes at the expenses of blue water fluxes to streams. However, the low-energy, humid environment means that isotopic changes during such interactions will only have a minor overall effect on the isotopic composition of NP.
O for heather moorland. These differences were close to, or within, analytical precision of isotope determination, though the greater differences under forest were statistically significant. Evidence for evaporative fractionation was generally restricted to low rainfall volumes in low intensity events, though at times, subtle effects of liquid-vapour moisture exchange and/or selective transmission though canopies were evident. Fractionation and other effects were more evident in stemflow but only marked in smaller events. The study confirmed earlier work that increased forest cover in the Scottish Highlands will likely cause an increase in interception and green water fluxes at the expenses of blue water fluxes to streams. However, the low-energy, humid environment means that isotopic changes during such interactions will only have a minor overall effect on the isotopic composition of NP.
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Vegetation canopies play a critical role in partitioning gross precipitation (GR) into interception (I) losses and net precipitation (NP), and the latter's further subdivision into throughfall (TF) and stemflow (StF; Calder, 2005) . The relative importance of these fluxes can vary dramatically between different ecosystems and in contrasting hydroclimatic regions (Bosch & Hewlett, 1982; Levia, Keim, CarlyleMoses, & Frost, 2011) . Changes in canopy water partitioning potentially have major implications for determining the distribution of NP and the resulting flow paths, storage, and mixing of water in the subsurface (Keim, Skaugset, & Weiler, 2005; Stockinger et al., 2015) . This can also exert a strong influence on catchment scale outputs of water in terms of other "green water" fluxes of transpiration and soil evaporative losses and "blue water" fluxes of drainage to streams . Recent work has highlighted that the role of vegetation in such partitioning has been underresearched compared to other hydrological processes. Increased awareness that land management can play a critical role in addressing various water security issues has provided an impetus for more extensive research in plant-water interactions (Allen, Keim, Barnard, McDonnell, & Brooks, 2017; Calder, 2005) . In addition, climate change is predicted to have far-reaching implications for the ecohydrology of many regions, in terms of changing precipitation regimes and temperatures in ways that O) are commonly used as assumed conservative environmental tracers to identify sources and track the movement of water in catchments (Allen et al., 2017; Makoto, Tomoe, Norio, & Jun, 2000; Soulsby et al., 2015) . Variation in isotope signatures can be caused by fractionation occurring with the phase changes of water in the canopy, as well as exchange between liquid and vapour water and selection of different canopy flow paths in contrasting events (Allen, Keim, & McDonnell, 2015; Gat, Mook, & Meijer, 2001; Gat & Tzur, 1968; Ingraham, 1998; Rozanski, Araguás-Araguás, & Gonfiantini, 1993; Yurtsever & Gat, 1981) . It has become apparent that changes to the isotopic composition of water routing through vegetation canopies can have significant effects on the resulting isotopic characteristics of TF and StF at a range of spatial and temporal scales (e.g., Cappa, Hendricks, DePaolo, & Cohen, 2003; Liu, Liu, Li, Wu, & Li, 2008) . For example, Brodersen, Pohl, Lindenlaub, Leibundgut, and Wilpert (2000) showed that the δ 18 O compositions of TF and GR were significantly different through isotopic fractionation in the canopy generating enriched TF (Dewalle & Swistock, 1994; Saxena, 1986) . Exchange with water vapour and time variant mixing along different canopy flow paths in different precipitation can also alter the isotopic composition of TF and StF, with the effects usually being most marked in StF, which often has a longer contact time with vegetation surfaces (Brodersen et al., 2000; Saxena, 1986) . Liu et al. (2008) also concluded that the isotopic composition of TF can be altered by canopy structure and ongoing evaporation processes. They found a high correlation between canopy structure and evaporation during low intensity rainfall events. However, other experiments in several forest stands failed to find any relationship between the enrichment of isotopes in TF and I rates (e.g., Allen et al., 2014; Hsueh et al., 2016) .
It is clear that many of the basic mechanisms and drivers of vegetation-influenced isotopic transformations remain poorly understood (Allen et al., 2017) . Also, the extent of such processes in different ecosystems with contrasting hydroclimatic regimes is largely unknown . This is an important research gap as the isotopic composition of GR is often used in catchment travel time assessments (Stockinger et al., 2015) or tracer-aided run-off models . If canopy fractionation and other transformative processes are significant, and the isotopic composition of NP is significantly different to GR, then the results of such modelling may be biased and misleading (e.g., Sprenger, Leistert, Gimbel, & Weiler, 2016; Sprenger, Tetzlaff, & Soulsby, 2017) .
Here, we present results from a study in a headwater catchment in a wet, low energy environment in the Scottish Highlands where we investigated the effects of contrasting dominant vegetation covers on canopy partitioning and the implications for the isotopic composition of NP in TF and StF. In addition to climate-induced changes, forest cover is increasing in many parts of Scotland as a result of the restoration of deforested moorlands as part of conservation schemes and demands for increased biofuel production (Scottish Forest Strategy, 2006) . A move to increased forest cover has the potential to significantly increase I losses, reduce NP, and affect the spatial and temporal distribution of soil moisture, groundwater recharge, and run-off generation, as well as their associated isotopic composition Haria & Price, 2000; Tetzlaff et al., 2013) . Our specific objectives were to (a) quantify the influence of canopy cover of contrasting vegetation types on I losses and the partitioning of TF and StF; (b) characterize the temporal dynamics of I and precipitation partitioning; and (c) assess the associated influence of vegetation on spatio-temporal dynamics in isotopic composition of TF and StF in a low energy environment.
| STUDY SITE
The study was conducted in the Bruntland Burn (Figure 1) ) and a long-term monitoring site for Atlantic salmon in the Cairngorms National Park in NE Scotland (Soulsby, Birkel, & Tetzlaff, 2016) . The climate is maritime at the temperate/boreal transition with mean annual temperatures of around 6.8°C, with January and July daily averages of 1.2 and 12.4°C, respectively. The mean annual precipitation (P) is about 1,000 mm. Most P falls in low intensity frontal events, with~50% and~75% falling in events of <10 and <20 mm, respectively . Mean annual potential evapotranspiration (PET) and run-off are about 400 and 700 mm, respectively. Most evaporation is focused in the relatively short summer period between May and August (Wang, Tetzlaff, Dick, & Soulsby, 2017) . In general, the catchment has limited influence of snow (<5% of the annual GR). The highest P is most likely to occur between November and February, but large events can happen throughout the year. The catchment's elevation ranges between 248 and 539 m with an average of 350 m. Mean slopes are 13° (Birkel, Tetzlaff, Dunn, & Soulsby, 2011; . The area has been repeatedly glaciated, and following the last glacial period, altitudes below 400 m are characterized by drift-draped topography, with poorly sorted till deposits being dominant (Soulsby et al., 2016) . Freely draining podzols are the main soils and are found on the steeper slopes covering around 60% of the catchment (Birkel et al., 2011; , mainly facilitating groundwater recharge.
The most extensive vegetation is heather (Calluna vulgaris and Erica tetralix) moorland over the podzol soils. The heather is around 0.3 m high, with an extensive (up to 80%) canopy coverage. Also on the podzols, there are some stands of native Scots pine (Pinus sylvestris) and birch (Betula pendula) that, due to historic land management, only remain in small areas of the catchment on inaccessible slopes or behind fenced enclosures (Birkel et al., 2011; . Past land management resulted in tree clearance in many headwater catchments in the United Kingdom.
This was carried out to create more productive environments for rearing sheep (Ovis aries), red deer (Cervus elaphus), or red grouse (Lagopus lagopus scotica), the latter two for hunting . As a consequence, the forest coverage for the entire catchment is <15%. that recorded standard variables at 5-min intervals (Wang et al., 2017) . Four study plots were installed on south and north facing slopes with two sites for each aspect. On each slope, one plot was in the heather shrub vegetation (predominantly Calluna spp. and Erica tetralix spp.) and one in a Scots pine plantation (Figure 1 ). In general, the trees were older (ca. 50 years), taller (approximately 15 m), and of greater trunk diameter at the south-facing forest (SF), with this site being more homogeneous overall compared to the north-facing forest (NF; Table 1 ).
At the NF site, tree characteristics varied from very young (ca. 20 years old), small (<5 m tall) Scots pines to a few older trees (ca. 50 years) with higher canopy coverage and larger diameter at breast height (DBH).
Median canopy coverage estimated from digital photography (see below) ranged from 67% on the NF to 69% on the SF, though there was marked variability at each site for individual TF collectors. to the more uniform heather sites, which had 10 collectors at each site.
The percentage canopy cover at each collector determined by digital photography varied between 0% and 81%, though the median values for each site were similar (ranging between 62% and 69%; Table 1 ).
For further comparison, one open collector was also located next to each plot and at the weather station in the valley bottom, to capture potential differences in the amount of GR. There was no significant difference between the GR sampled by these collectors and the weather station rain gauge station (one-way analysis of variance, p = .59), so GR sums and maximum intensity over each sampling period could be calculated. All TF and StF samples were protected with a small aliquot of paraffin shown in previous tests to prevent fractionation. As part of longer term monitoring in the Girnock, daily precipitation samples were also collected for isotope analysis and could be used to complement the coarser sampling of TF and StF in this study . Samples were stored in a fridge until analysis. Samples were filtered, and 1 ml was injected into 1.5-ml glass vials in accordance with the procedures detailed in Los Gatos Research Inc. (2010). The samples were analysed for the stable isotopes of water δ 2 H and δ
18
O using an off-axis integrated cavity laser spectrometer (a Los Gatos DLT-100
Liquid Water Isotope Analyser). In the post analysis, the sample ratios of δ
O and δ 2 H were derived by calibration against known standards relative to the Vienna Standard Mean Ocean Water (Green, Laursen, Campbell, McGuire, & Kelsey, 2015) . The precision of the isotope analysis is reported by the manufacturer to be ±0.1‰ for δ 18 O and ±0.4‰ for δ 2 H, and this corresponded to our own assessments.
I loss and NP were calculated for all sites. For the forest sites, I loss was calculated using the following equation (Helvey & Patric, 1965 : Crockford & Richardson, 2000 :
where I is interception loss (mm); GP is gross precipitation (mm); TF is throughfall (mm); and StF is stemflow (mm). NP is the sum of TF and StF; therefore, I equals GR minus NP (Crockford & Richardson, 2000) .
For the heather sites, as StF was ignored, estimates of I were likely overestimates.
PET was calculated using the Penman-Monteith approach, which requires air temperature, radiation, air humidity, and wind speed that were recorded at 5-min intervals at the meteorological station ( Figure 1 ).
For isotopes, the local meteoric water line (LMWL) was determined using a least-squares regression on all GR isotope values sampled during the field season (Dansgaard, 1964; Landwehr & Coplen, 2006) : In addition, we also calculated the line conditioned excess (lcexcess [‰] ) to describe the offset of a sample from the LMWL and, thus, an indicator of possible non-equilibrium fractionation. It is defined as (Landwehr & Coplen, 2006) A general characterization of the study site was undertaken using the program ArcGIS version 10.3.1 (Figure 1) . A slope map of the catchment was produced using a high-resolution digital elevation model. Canopy coverage (%)-defined as the fraction of soil that is covered by the vegetation's canopy-was calculated for the whole catchment as well as for the two forest grids using airborne Light
Detection and Ranging 1 * 1 m data. In addition, digital photography and the free software CAN-EYE V6.1 developed at the EMMAH laboratory (Mediterranean Environment and Agro-Hydro System Modelisation) were used to calculate the canopy coverage for each collector individually (Weiss & Baret, 2014) . Using hemispherical images, it was necessary to integrate the cover fraction over a range of zenith angles as it was impossible to maintain exact nadir direction.
This range as well as the lens properties can then be changed prior to analysing the photos. Light contamination due to direct sunlight was corrected in the program.
Correlations between variables were described by Pearson correlation (r) for normally distributed data and with the Spearman rank correlation (ρ) if the Shapiro-Wilk test for normality revealed that the data were not drawn from a normal distribution. Wilcoxon signed rank tests were used to test for differences between data sets (with p < .05 for significance).
4 | RESULTS
| Variability in hydroclimate
Hydroclimatic conditions were highly variable during the summer of 2015, which was cooler than average, with periods of daytime maxi- ) with higher peaks of 7.5 to 8 m s −1 during some sampling periods (Figure 2d ). Precipitation totalled 270 mm for the 4-month period; the highest daily total was 26.2 mm on July 17 and intensities reached up to 4 mm hr −1 in the same July period. Around 30% of the precipitation fell in low intensity events below 5 mm day
and around 60% on days with <10 mm day −1 (Figure 2e ). During most of the individual sampling periods (i.e., the time between emptying the collectors), a sum of GR between 5 and 20 mm was typically recorded. The highest measured sum of GR was 74.8 mm over a 14-day sampling period in July. The lowest measured sum of GR was 0.8 mm over a 7-day period in September. The total PET was 216 mm for the whole sampling period of 4 months (with a daily mean of 2.2 mm).
| Variability in I, TF, and StF
The dominant pathways of GR at all sites were either TF or I evaporated back to the atmosphere (Table 2 ). I losses were generally highest in the two forest plots (46% average) compared with the two heather plots (34% average; Figure 3 ). A Wilcoxon signed rank test showed that TF was always less than GR and intersite differences between the two vegetation types were significant (p < .05) on seven of the sampling dates, with TF in Scots pine being lower on all but one of the sampling dates (June 9; Figure 3a) . Regarding temporal variability, TF exhibited a strong positive and exponential correlation with GR at each site for each sampling period, with the relationship slightly stronger for the forest sites. Conversely, percentage I losses were negatively correlated with GR amount, with percentage loss much higher in smaller events (Table 2 and Figure 4a ). Similar, though generally weaker, negative relationships were evident between I and maximum rainfall intensity in the sample period (Figure 4b ). When the maximum GR intensity was about 1.5 mm hr −1 , the I loss was usually lowered to <70% of GR. Correlation with other climatic factors showed much weaker or insignificant relationships.
To understand intrasite differences within the forest plots, Figure 5 shows the mean weighted amount of TF. At both sites, highest TF tended to be measured in the collectors located in canopy gaps and with greater distance to the trees. Conversely, the TF amount was low in areas with very dense canopy cover and in proximity to a tree's stem, especially at the NF (Figure 5a ). Distance to the closest tree stem was correlated with TF amount (p values for NF ≤ .001; SF ≤ .05); on average, TF increased by 8.8% per metre from each tree.
The I loss was significantly correlated with canopy cover for both sites StF was a small fraction of GR at the forest sites accounting for 1.6% and 1.0% of incoming precipitation for the NF and SF, respectively. StF amounts were highly variable over the sampling periods and were most strongly correlated with GR (r = .76, p < .001) at both sites. There were three sampling occasions for the NF and four for the SF where no StF was generated.
For the heather plots, TF accounted for 60% and 67% of incoming precipitation at the NH and south-facing heather sites, respectively.
Again, total GR input exhibited the strongest correlation with TF amount in each sampling period (Figure 4 ). Intrasite variability of TF amount was marked, though usually less than for the forests (cf. generally more restricted ranges in Figure 3 ). There was a negative relationship between canopy cover and the amount of TF for both sites, though this was only significant (ρ = −0.74, p = .01) for the NH site.
| Vegetation influences on the isotopic composition of NP
The isotopic composition of precipitation was temporally variable with δ 2 H ranging between −115.0‰ and −14.0‰ in GR and δ
18
O between −15.2‰ and 0.9‰ ( Figure 6 and Table 3 ). Isotopic signatures were most depleted during the first sampling periods (early June) when mean air temperature was lowest (~7°C), reflecting the influence of rainfall brought on by northerly air streams. Thereafter, prevailing winds had a stronger south westerly component bringing rainfall more enriched with heavier isotopes as is typical for summer.
The isotopic composition of GR and TF under both land covers were strongly correlated (for δ 2 H and δ
O, r was >.85 and >.90 for all sites, respectively [p < .001]). Air temperature was also positively correlated with both isotopes in GR (r = .76, p < .001) and TF under both land use types (r = .58, p = .03 for heather; r = .59, p = .02 for forest). Volume-weighted isotopic compositions in TF samples at all sites were similar to the weighted isotopic composition of GR, though overall TF under the forests was slightly more depleted than for moorland (Table 3 ). The overall differences of TF-GR being −0.52‰ for δ 2 H and −0.14‰ for δ
O for forests and 0.29‰ for δ 2 H and −0.04‰ for δ
O for heather moorland. These small differences between the land cover July, and mid-August. The lc-excess in TF also varied throughout the study period but mostly followed the lc-excess patterns of in rainfall
(GR/open collectors) for both land cover types. Significant differences (p < .05) between land cover types only occurred on four occasions whereas the lc-excess for forest sites was significantly different to that of GR on four occasions; for heather, GR differences were only evident once.
The isotope values of all the TF and StF samples (>1,100) for each sampling period were plotted in dual isotope space to explore the potential effects of evaporative fractionation and other processes in Notwithstanding such subtle sample-specific differences, overall, the spatial variability in the isotopic signatures of TF was limited at all sites. Further, in the forest sites, despite the spatial variation in TF volumes, the isotopic variability between samplers was not marked I losses for all sites were quite high, averaging up to 35% for heather and 46% for Scots pine. But these lie within previously reported ranges for pine trees and heather (Calder, 1990; Haria & Price, 2000; Llorens & Domingo, 2007) . For example, for another Scottish site in a wetter area in the western Cairngorms, Haria and Price (2000) found that I losses under Scots pine were 37% of precipitation but only 13% for
heather. This suggests that we may be significantly overestimating heather losses by not accounting for StF. It should also be stressed that as our study was carried out over the summer, the overall annual percentage I losses are likely to be smaller due to the lower atmospheric moisture demand and higher precipitation in winter. In comparison with studies elsewhere, I losses for a Scots pine forest were found to lie between 13% and 49% (Llorens, Poch, & Latron, 1997) heather (green and purple boxplots, respectively) and in gross rainfall (blue diamonds) for each sampling campaign. Stars indicate significant differences (p < .05) between forest and heather. Green and purple boxes below boxplots indicate significant differences between TF and GR for forest and heather, respectively. Outliers are marked as points in the Eifel National Park in Germany (Stockinger et al., 2015) . For canopy partitioning in other boreal forests, Ilvesniemi et al. (2010) working on Scots pine in Finland found that the proportion of TF was~67% of annual precipitation,~33% was lost as I, and, like in our study, StF was small (<1%). However, in dense plantations, Cape, Brown, and Paterson (1991) showed that StF could be as high as 15% in the United Kingdom, but TF still dominated accounting for 51-78% of annual precipitation.
The main reason for the high summer I losses at the study site under both forest and heather is probably that much of the precipitation in this part of northern Scotland falls in small, frequent, low intensity events that can interact with the high canopy interception storage (~1-3 mm) for both vegetation types (Haria & Price, 2000) . Lowest percentage I losses were found in weeks with higher GR amounts and intensities. During weeks with lowest intensity events and low Relationship between standard deviation of the δ 2 H values of the throughfall in the forested (green) and heather (purple) sites and the gross rainfall amount (a) and the maximum rainfall intensity (b) during the integrated sampling interval. The lines show a logarithmic fit to the data points. The equation and the r 2 for the fitted curves are given GR totals, I losses were as high as 95-100%, whereas for weeks with intensities >7 mm hr −1 , losses ranged between 22% and 45% of GR. Scatena (1990) also observed that high forest I losses were attributable to rain events with very low intensities (≤2 mm hr −1 ) and small storm totals, as such events are similar to canopy storage volumes allowing evaporation to occur. In our study, wind speeds ranged from 2 to 8 m s ; these moderate to fresh winds help facilitate evaporation from the canopy by turbulent transfer, especially at the forest sites where the canopy is well ventilated (Herwitz & Slye, 1995) .
| Intrasite variation in TF
TF fractions were higher for the heather sites compared to the forests, though the intrasite spatial variability was greatest in the forest plots. Lowest TF fractions could be found at the younger NF (Table 2) . Canopy coverages for the collectors, derived from digital photography, showed that these contrasts could be partly explained by differences in canopy cover at both forest sites. The NF site was characteristic of a young Scots pine stand, with high canopy density, particularly in the middle part of the plot. Usually, mature Scots pine is characterized by a low density and open canopy (Hall, Kirby, & Whitbread, 2004) like at the SF site. Tree sizes, age, crown density, and canopy coverage of the collectors varied at the NF site as shown in Figure 5 whereas all of those attributes were fairly uniform for the SF (reflected in the low standard deviation of canopy cover; Table 1 ).
Statistically significant correlations could be found between I values for the two forest sites and both canopy coverage and distance to the closest tree. Similar relationships have been shown by previous studies (e.g., Aussenac, 1970; Helvey & Patric, 1965; Johnson, 1990; Stout & McMahon, 1961) . The effect was most marked during small precipitation event. Here, the rainfall intensity is similar to the canopy interception capacity; as the TF variability is greatest as GR will be intercepted by the canopy and most NP will reach the ground through canopy gaps. As the GR increases and the canopy storage gets increasingly saturated, each additional increment of rainfall generates TF reducing spatial variability (Loustau, Berbigier, Granier, & Hadj Moussa, 1992) . Influences of the canopy coverage and distance to the nearest tree stem on TF were more marked for the NF, as vegetation cover is more heterogeneous there. For the two heather sites, TF was more evenly distributed and lacked a consistent relationship with canopy cover.
Our study also showed that a GR threshold of approximately 15 mm was needed for all of the TF collectors in the forest sites to collect a sample. This partly reflects the high interception capacity above some collectors in the forest plots with high canopy coverage. Marin, Bouten, and Sevink (2000) also found high variabilities due to a suite of interacting controlling factors, particularly the local canopy density and architecture, which regulates the redistribution of incident precipitation and associated flow paths. Despite this, as shown by other studies (e.g., Marin et al., 2000; Peng et al., 2014; Stockinger et al., 2015) , a strong positive correlation between TF volume and the total amount of GR could be found at all sample sites and collectors. However, other studies for Scots pine have shown contrasting conditions. For example, Kowalaska et al. (2016) found that for Scots pine, the amount of TF water did not show a significant relationship with leaf area index, canopy cover, or the distance to the nearest tree trunk. Rather, the canopy partitioning of water was strongly modified by the irregular structure of the crowns and the irregular distribution of the trees in the stand as well as by weather conditions. As noted above, StF comprised a relatively small proportion of the NP at the two forest sites. To generate StF, canopy and bark water storage have to be filled and rainfall amounts have to be sufficient to wet the tree stem enough for continuous flow to reach the ground (Allen et al., 2017) . Different GR amounts and intensities have been shown to trigger StF for different trees (>7 mm for beech and >10 mm for Scots pine); independent of species, the threshold above which StF generation did not increase with higher amount of GR was~25 mm.
Mean and median StF were mainly dependent on maximum rainfall. Xiao, McPherson, Ustin, and Grismer (2000) and André, Jonard, and Ponette (2008) found that higher wind speeds increased the StF production as they reduced the initiation threshold by blowing canopy stored water onto the tree trunk; however, no direct correlation was found here. Similarly, no correlation between DBH and StF amount was evident. A more detailed investigation of the vegetation cover (such as crown area, branch architecture, and bark composition) would be needed to improve the prediction of StF generation. However, previous studies (e.g., Ford & Deans, 1978; Loustau et al., 1992) 
| Influence of vegetation cover on spatiotemporal dynamics in isotopic compositions
Temporal variability in the isotopic TF signature was found to be mostly driven by the variability in the incoming GR isotopic composition. In contrast to the strong influence of canopy cover on the volume and redistribution of NP, the overall associated effects on the isotopic composition of TF and StF were small, though some subtle effects were detected for individual sample events. At all four sites, the average composition of TF little changed compared to GR, though the overall effects were greater under the forests. Other studies have found much stronger influences of canopy cover on the isotopic signature of NP (e.g., Ikawa, Yamamoto, Shimada, & Shimizu, 2011; Stockinger et al., 2015) . There was no statistical relationship between TF isotopic composition and GR amount or maximum intensity. Similar low correlations have also been observed by Allen et al. (2015) for a Douglas-fir-dominated catchment in northern Oregon and Kato, Onda, Nanko, Gomi, and Yamanaka (2013) for a cypress plantation in eastern Japan. However, the variability of the TF isotopic signal tends to be higher for lower GR amounts and intensities (Figure 8 ).
The lc-excess of GR and TF exhibited highly correlated temporal variability at all sites, fluctuating between close to zero and more negative values. For some samples in each month, the effect of moisture recycling and evaporative fractionation on GR isotopic composition may have been evident in the observed negative lc-excess values during this period. Alteration of the GR isotopic composition by its passage through the canopy can result from evaporative losses, mixing processes along selective flow paths and isotopic exchange with atmospheric water vapour (Saxena, 1986; Tsujimura & Tanaka, 1998) . These exchange processes can potentially lead to both depletion and enrichment in isotopic signatures depending on ambient conditions. Such effects were small overall, though they were evident during specific sample periods.
Compared to the temporal variability in TF isotopic composition, spatial variability between and within the forest and heather moorland sites was found to be small, similar to other studies (Brodersen et al., 2000) . The TF isotopic variability in the forests was found to be slightly higher compared to the heather sites, which are characterized by a more uniform canopy cover. Differences in isotopic composition within a site could be marked at the scale of individual sampling periods. Likely explanations probably relate to event-scale conditions such as the changing isotopic composition of rainfall relative to the spatial and temporal variation of activation of flow paths through the canopy and moisture exchange with the atmosphere (e.g., evaporative fractionation and condensation; Allen et al., 2014; Brodersen et al., 2000; Kato et al., 2013) . However, more intense sampling during and after events would be needed to test such hypotheses. For example, Kato et al. (2013) also found that in tree canopies, there may be a forest edge effect, where TF nearer the edge-where the canopy is more ventilated-might be changed isotopically as a result of higher evaporative losses. In contrast, collectors below less dense canopies might gather more direct TF and can therefore show a similar isotopic composition to precipitation (Kato et al., 2013) .
StF isotopic compositions were more markedly different to those compared to TF in the two forest sites. This probably reflects the longer contact time of StF and greater opportunities for fractionation or moisture exchange with the atmosphere (Ikawa et al., 2011) . StF is also more likely affected by activation of flow paths later in events with mixing processes and bark storage delaying StF initiation depending on prevailing meteorological conditions (e.g., rainfall intensity and wind speed; Ikawa et al., 2011; Levia & Herwitz, 2005; Staelens, Schrijver, Verheyen, & Verhoest, 2008) . However, event-based sampling would be needed to further explore this.
Our study demonstrated the importance of vegetation characteristics such as canopy coverage, age, height, density, and DBH on TF amounts in a northern landscape, but less influence on isotopic composition. Given the limited changes in the isotopic composition of NP below the forest and heather canopies, it is reasonable to use GR isotope values in travel time estimates and tracer-aided run-off models in this geographical region, though correcting for canopy effects is possible. There is little evidence to suggest that this will cause a significant additional source of uncertainty to such models, but there may be some more unusual events where correction could help. More broadly, better understanding of rainfall partitioning processes through canopy cover is important, especially in relation to likely future vegetation changes driven by a changing climate . Many northern landscapes are already experiencing and responding to those shifts . Climate projections for Scotland predict longer dry and warm periods and shifting precipitation patterns . This, combined with large-scale afforestation plans by the Scottish government (The Scottish Forestry Strategy, 2006), will be likely to affect vegetation distribution and community as well as linked flow path partitioning and water balances. This leads to an increasing importance in understanding vegetation influences on water partitioning, storage dynamics, and water availability in higher latitude catchments (Geris, Tetzlaff, McDonnnell, & Soulsby, 2015) .
| CONCLUSIONS
We analysed TF and StF with respect to their spatial and temporal variability in quantity and isotopic composition under forest (Scots pine) and shrub (heather) cover during a 4-month summer period in a northern landscape. We identified large temporal differences in TF that were mainly governed by the size of rainfall events and intensity. Interception was highest under forest cover (46%) where TF exhibited marked spatial variability in relation to canopy density and structure. I losses under heather were probably <35%, with TF more uniformly distributed. The contribution of StF to the overall water balance was found to be relatively small (~1% of GR). StF was found to correlate most strongly with maximum precipitation intensity. The subsequent I losses were in the upper range of reported literature values for coniferous forest stands. This probably reflects both the local hydroclimate where most rainfall events are frequent and small (<5 mm) with low intensity, and high wind speeds are common. Vegetation canopies had a less marked effect on the isotopic composition of NP. Overall, the isotopic composition of NP was not markedly affected by canopy interactions; temporal variation of stable water isotopes in TF closely tracked that of GR with differences of TF-GR being −0.52‰ for δ 2 H and −0.14‰ for δ
18
O for forests and 0.29‰ for δ 2 H and −0.04‰ for δ 18 O. These differences were close to, or within, analytical precision of isotope determination, though they were statistically significant. Evidence for evaporative fractionation was generally restricted to low rainfall volumes in low intensity events, though at times, subtle effects of liquid-vapour moisture exchange and/or selective transmission though canopies were evident. Further event-scale work is needed to elucidate these processes.
